Transition metal sulfides have been widely studied as electrocatalysts for the hydrogen evolution reaction (HER). Though elemental doping is an effective way to enhance sulfide activity for HER, most studies have only focused on the effect of doping sulfide edge sites. Few studies have investigated the effect of doping the basal plane or the effect of doping concentration on basal plane activity. Probing the dopant concentration dependence of HER activity is challenging due to experimental difficulties in controlling dopant incorporation. Here, we overcome this challenge by first synthesizing doped transition metal oxides and then sulfurizing the oxides to sulfides, yielding core/shell Co-doped WS 2 /W 18 O 49 nanotubes with a tunable amount of Co. Our combined density functional theory (DFT) calculations and experiments demonstrate that the HER activity of basal plane WS 2 changes non-monotonically with the concentration of Co due to local changes in the binding energy of H and formation energy of S-vacancies. At an optimal Co doping concentration, the overpotential to reach -10 mA/cm 2 is reduced by 210mV, and the Tafel slope is reduced from 122 to 49 mV per decade (mV/dec) compared to undoped WS 2 nanotubes.
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the basal plane, changes in the local bond order of neighboring S atoms affect the hydrogen binding energy to these active sites. From an electronic structure perspective, this behavior has been attributed to the metal dopant atom's ability to introduce electronic states around the Fermi level of the semiconducting surface, 16 mimicking the density of states seen for active unsaturated S-edges and enhancing H adsorption.
Achieving peak HER activity requires designing an active site which binds hydrogen neither too strongly nor too weakly. Based on this Sabatier principle, we predict there should exist an optimal amount of Co doping. Indeed, we find that the binding behavior of S-active sites strongly depends on the local doping configuration. The hydrogen binding energy to an S-active site changes non-monotonically with increasing Co concentration ( Figure S1 ). We use density functional theory (DFT) to model the electronic influence of Co doping for an idealized 4x4 2H-WS 2 unit cell and 4x4 1T-WS 2 unit cell. We first determined the most stable (i.e., the lowest energy) dopant configurations for increasing ratios of Co:W ( Figure 1a and 1b, left columns).
The incorporation of Co into the WS 2 lattice is an endergonic process according to calculated formation energies (Table S1 ), indicating that very high doping concentrations are thermodynamically unfavorable. The Co dopant atoms tend to aggregate in clusters to lower the system energy ( Figure 1a and 1b, "Geometry", Co atoms: pink). For both Co-doped 2H and 1T-phase WS 2 , hydrogen tends to preferentially adsorb on the S-sites neighboring the Co dopant.
Although in many density functional theory (DFT) studies, the minimum free energy of H adsorption across the surface (the binding energy associated with a single lowest energy site) is used as the sole thermodynamic indicator of HER activity, here we also show the evolution in binding behavior of the surface as a whole. Figure S4 ). The integrated Co 2p peak area ratio is used to estimate the surface Co concentration, and is referenced to the Co 2p 3/2 of the 15% Co-doped sample (concentration determined by EDS (Figure 3g ). Doping condition: twice coated in 0.20M Co precursor). The fitted curves for XPS S 2p peaks reveal that Co:WS 2 consists of both the 2H-phase and 1T-phase. [38] [39] [40] The co-existence of two phases is consistent with a previous study which shows that doping can lead to the formation of the more active 1T-phase of WS 2 . Figure S5 ), and different dipcoating times and sulfurization times ( Figure S6 ). We confirmed that the enhancement effect of
Co doping does not depend on the nanotube growth time, but depends mainly on the doping concentration ( Figure S5 ). 
Methods

Experimental Details
Synthesis of tungsten oxide nanotubes
The synthesis of tungsten oxide (W 18 O 49 ) nanotubes includes two steps: 1) seed layer synthesis and 2) flame vapor deposition. The basic procedures follow those previously reported in Rao et al. 22 In this study, we lower the FTO substrate temperature from 550°C to 500°C to grow hollow nanotubes instead of nanowires.
Cobalt doping
The Co doping method for W 18 O 49 nanotubes follows previous reports. The samples were allowed to dry in a fume hood. Flame annealing was conducted at 1100°C for 2 mins, followed by fast room temperature cooling process. To achieve higher Co doping concentration, the dipping and doping processes are repeated either twice or three times.
Sulfurization
The as-fabricated Co:W 18 O 49 nanotubes were sulfurized in a quartz tube furnace at 250°C for 1hr, 2hr, and 3hrs in a mixed H 2 S/H 2 (1:9 volume ratio) atmosphere, and the HER performance results in Figure S6b show that 2hr is the optimal condition. The sample was heated from room temperature to 250°C with a 5°C/min ramp rate. Thus, the outer surface of 
Material Characterization
Raman spectra were measured using the Horiba Labram Raman, equipped with the HORIBA Scientific LabRAM HR Evolution spectrometer and AIST-NT's SmartSPM Scanning Probe
Microscope. Morphology analyses of the samples were carried out using a scanning electron microscope (FEI XL30 Sirion SEM with FEG source), and a transmission electron microscope (FEI Titan environmental TEM 80-300) equipped with a spherical aberration (Cs) image corrector, Gatan Quantum 966 EEL spectrometer and Oxford Xmax SDD EDS Detector. The Xray photoelectron spectroscopy (XPS) measurements were carried out using a PHI VersaProbe 1
Scanning XPS Microprobe. The grazing-incidence wide-angle X-ray scattering (GIWAXS) measurement was done at beamline 11-3 of Stanford Synchrotron Radiation Lightsource (SSRL)
at SLAC National Accelerator Laboratory (SLAC), with a fixed X-ray photon energy (12.7 keV), which is equipped with a two-dimensional Rayonix MX225 CCD area detector. The sampledetector distance was ~125 mm, and the incident angle was 2 degrees to ensure sufficient sampling of the nanotube samples on the substrate. The 2-dimensional GIWAXS data were reduced to a scattering profile using NIKA package with Igor Pro software 56 and WAXS tools. 
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Broader context
Hydrogen is a clean fuel for fuel cells and an energy carrier. Producing hydrogen by water electrolysis can further leverage the rapid growth of renewable energy resources, such as solar and wind. A critical economical barrier for water electrolysis is to develop earth abundant catalyst for hydrogen evolution reaction (HER) to replace the noble metal catalyst Pt.
In this context, transition metal sulfides, such as MoS 2 and WS 2 , have been extensively investigated as a promising HER catalyst, but their catalytic performance remains inferior than Pt. One strategy to further improve their activity is to dope transition metal sulfides, but the dopants typically end up at the edges, leaving the vast basal plane unutilized. Here, we first synthesized Co doped W 18 O 49 nanotubes and then sulfurized the oxides to Co:WS 2. This approach also enables to investigate the doping concentration effect for HER. Our optimal Co doped WS 2 shows the best hydrogen evolution performance among any other form of WS 2 reported using the same FTO substrate. Importantly, the overpotential reduction from Co doping for WS 2 in this work is superior to many other doped transition metal sulfides beyond WS 2 .
